ABSTRACT. We investigated the effects of exposure time and concentration of trichostatin A (TSA) on in vitro development and quality of bovine SCNT embryos. At multiple time points, the relative expression of genes related to pluripotency and reprogramming was analyzed in order to assess the quality of preimplantation embryos cultured in media with TSA using real-time PCR. Development into blastocysts was higher in 100 nM TSA than in controls (35.96 vs. 28.30%, P<0.05). Study of 100 nM TSA exposure time showed development into blastocysts was higher during both short-term and long-term exposure than in controls (36.17 and 34.04 vs. 23.45%), but there was no significant difference between TSA groups. Nanog expression in blastocysts after long-term TSA exposure was similar to that in IVF blastocysts and greater than in controls and short-term exposed embryos. The Oct4 levels in the short-term exposure group were similar to those of IVF blastocysts, while Oct4 expression in long-term exposed embryos was significantly higher than in other groups. Measurement of DNMT1 and HDAC1 in blastocysts showed a similar expression profile among IVF and TSA groups regardless of treatment duration. In conclusion, this study suggests that TSA treatment after SCNT in bovine embryos can improve in vitro development of embryos by increasing the blastocysts formation and positive reprogramming of the reconstructed embryo genome caused by downregulation of DNA methylation and up-regulation of pluripotency. The somatic cell nuclear transfer (SCNT) technique is promising for applications such as species preservation, livestock propagation and cell therapy for medical treatment [35, 36] . Although cloning mammals by SCNT into oocyte cytoplasts have successfully produced offspring in a variety of species over the past decade, SCNT has low efficiency and a high frequency of developmental abnormalities [8, 30] . One of the underlying problems in SCNT embryos is incomplete or incorrect status of epigenetic reprogramming such as DNA methylation or histone modification [28, 44] .
The somatic cell nuclear transfer (SCNT) technique is promising for applications such as species preservation, livestock propagation and cell therapy for medical treatment [35, 36] . Although cloning mammals by SCNT into oocyte cytoplasts have successfully produced offspring in a variety of species over the past decade, SCNT has low efficiency and a high frequency of developmental abnormalities [8, 30] . One of the underlying problems in SCNT embryos is incomplete or incorrect status of epigenetic reprogramming such as DNA methylation or histone modification [28, 44] .
For improving this acetylation reprogramming, SCNT studies have reported epigenetic reprogramming modification using histone deacetylase inhibitor in activation or culture of reconstructed oocytes. Epigenetic reprogramming represents an important feature of nuclear reprogramming in SCNT embryos [15, 28] . Dynamic interactions exist between DNA methylation and acetylation in the aminoterminal domains of core histones in order to regulate DNA functions and control gene expression [22, 34, 42] . Indeed, the regulation of genes coordinating embryo and fetal development depends on important remodeling in chromatin structure and DNA [12, 29] .
Trichostatin A (TSA) is a histone deacetylase inhibitor that reversibly binds the active catalytic site of HDACs causing acetylated histones to accumulate in cells [26] and reduces DNA methylation and expression of DNA methyltransferases (DNMTs) in reconstructed embryos [24, 40] . Recently, treatment of SCNT cloned mouse embryos with TSA significantly improved their in vivo developmental competence [19, 20, 31] . Since then, significant improvements in SCNT efficiency through TSA treatment were also reported in the pig, bovine and rabbit [15, 23, 32] . Several studies demonstrated that histone acetylation of TSAtreated cloned embryos showed a similar pattern to that of normal embryos in the mouse, pig, bovine and rabbit [15, 23, 32, 37] . However, despite the obvious beneficial effects of TSA on cloning efficiency in some species, the optimal concentration and exposure time for TSA treatment are not yet clear. Different studies have used TSA using slightly different protocols. In bovine, Akagi et al. reported improved blastocyst formation when SCNT embryos were cultured in 5 nM TSA for 20 hr after activation [1] . On the other hand, Lager et al. obtained a similar result when using 50 nM TSA and applying the treatment for 13 hr [15] . To help resolve these discrepancies and establish optima for bovine cloned embryos, this study aimed to investigate 2 things. Firstly, we aimed to see what effect the TSA exposure time and concentration had on in vitro development and quality of bovine SCNT embryos. Secondly, we wanted to confirm that the expression of the following genes in cloned blastocysts was derived from TSA exposure: 1) HDAC1 and DNMT1, which are associated with epigenetic modification, because histone acetylation and DNA meth-ylation are important epigenetic factors that modify chromatin structure, 2) Oct4 and Nanog, which are associated with pluripotency and early embryonic development.
MATERIALS AND METHODS
Chemicals: Unless otherwise indicated, chemicals were purchased from Sigma-Aldrich Corp. (St. Louis, MO, U.S.A.).
Preparation of in vitro matured oocytes and recipient oocytes: Bovine ovaries were collected from a local slaughterhouse and transported to the laboratory within 2 hr at 30-35°C in 0.9% (v/v) NaCl solution. Cumulus-oocyte complexes (COCs) were aspirated from 2-8 mm follicles using a 10 ml disposable syringe with an 18-gauge needle. The COCs with layers of compact cumulus cells were selected and washed three times in HEPES-buffered tissue culture medium-199 (TCM-199; Invitrogen Coporation, Carlsbad, CA, U.S.A.) supplemented with 10% FBS, 2 mM NaHCO 3 , 5 mg/ml BSA and 1% penicillin-streptomycin (v/v). For preparation of in vitro matured oocytes, 30-40 COCs were cultured in 4-well dishes (Falcon, Becton, Dickinson U.K. Limited, Plymouth, UK) for 22 hr in 500 µl of TCM-199 supplemented with 0.005 IU/ml FSH (Antrin, Teikoku, Japan) and 1 µg/ml 17β-estradiol at 39°C in a humidified atmosphere of 5% CO 2 in air [6, 16] .
Preparation of donor cells: Fetal fibroblasts were isolated from fetuses on day 40 of gestation as previously described [16] . The head of the fetus was removed using iris scissors, and soft tissues such as the liver and intestines were discarded by scooping out with two watchmaker's forceps. After washing three times with DPBS (cat. no. 14190-144, Life Technologies, Rockville, MD, U.S.A.), the tissue was minced with a surgical blade on a 100-mm culture dish (Becton Dickinson, Lincoln Park, NJ, U.S.A.). The minced fetal tissues and cells were cultured in Dulbecco's modified Eagle's medium (Invitrogen) supplemented with 10% (v/v) FBS (Invitrogen), 1 mM glutamine (Invitrogen), 25 mM NaHCO 3 and 1% (v/v) minimal essential medium nonessential amino acid solution (Invitrogen) at 39°C in a humidified atmosphere of 5% CO 2 and 95% air. After 8 days, unattached clumps of cells or explants were removed and cultured further until confluent. Prior to SCNT, cells were thawed, cultured for 3-4 days until confluent and retrieved from the monolayer by trypsinization for 3 min [16] . In this study, we used only one fetal cell line to evaluate the concentration and exposure time of TSA in bovine SCNT embryos.
Somatic cell nuclear transfer: Cumulus cells of mature oocytes were removed by repeated pipetting in 0.1% (v/v) hyaluronidase in HEPES-buffered TCM-199, and oocytes with a first polar body were selected. SCNT was performed as described in previous reports [5] . In brief, one fibroblast was deposited into the perivitelline space of an enucleated oocyte. The donor cell-cytoplast couplet was fused with two pulses of direct current, 35-40 V/cm, for 15 µsec each using an Electro Cell Fusion apparatus (NEPA GENE corporation, Limited, Chiba, Japan). At 4 hr after fusion, fused oocytes were activated by treatment with 5 µM ionomycin for 4 min and then 1.9 mM dimethylaminopurine (DMAP) for 4 hr. In order to monitor in vitro development, cloned embryos of all groups were cultured in 30 µl microdrops of modified synthetic oviductal fluid (mSOF) [5] under mineral oil for 8 days at 39•C in a humidified atmosphere of 5% CO 2 , 5%O 2 and 90% N 2 .
In vitro fertilization: For IVF of oocytes, frozen-thawed spermatozoa were prepared by a swim-up method [38] . IVF was performed as described in previous reports [45] . Shortly after 22 hr of maturation culture, COCs were inseminated with 1 × 10 6 motile spermatozoa/ml. Co-incubation of gametes was performed in 30 µl microdrops of mSOF for 18 hr under mineral oil. A group of 6 or 7 zygotes was cultured in a 30 µl microdrop of mSOF overlaid with mineral oil for 8 days.
Total RNA extraction and cDNA synthesis:The blastocysts derived from SCNT or IVF were washed three times with PBS (Invitrogen), transferred into 5 µl of DEPC (diethyl pyrocarbonate) treated water and stored at − 80°C until RNA extraction. Total RNA was extracted using the easy-spin TM Total RNA Extraction Kit (iNtRON Biotechnology, Inc., Kyunggi, Korea) following the manufacturer's protocol. The isolated total RNAs were quantified using a photospectrometer (NanoDrop 2000, Thermo Fisher Scientific Inc. Waltham, MA, U.S.A.) and immediately stored at − 80°C until cDNA synthesis. The cDNA was synthesized from 1 µg of total RNA from each sample, and 1 µl of oligo (dt) 20 primers was diluted to a final volume of 8 µl in DEPC-treated water using a SuperScript Tm III First-Strand cDNA Synthesis kit (Invitrogen) by following the manufacturer's instructions. The synthesized cDNAs were stored at − 20°C until they were used for real-time PCR.
Real-time PCR: Real-time PCR was performed using an ABI 7300 Real-Time PCR System (Applied Biosystems, Forest City, CA, U.S.A.) and SYBR Green interaction dye (Takara Bio U.S.A. Inc., Mountain View, CA, U.S.A.) following the manufacturer's instructions with minor modification. A total of 22 µl of PCR reaction mixture was made using 2 µl cDNA, 1 µl forward primer, 1 µl reverse primer, 8 µl SYBR premix EX Taq, 0.4 µl ROX reference dye and 10 µl of Nuclease-free water (Ambion Inc., Austin, TX, U.S.A.). The thermal profile for real-time PCR was 95°C for 10 min, followed by 40 cycles of 95°C for 10 sec, 60°C for 20 sec, and 72°C for 40 sec. All primer set sequences shown in Table 1 were standardized according to a standard curve. Three replicates per plate were done for each sample, and each experiment was repeated with 3 different samples.
Nuclear donor cell and somatic cell nuclear transfer: A bovine fetal fibroblast was placed into the perivitelline space of an enucleated oocyte and fused by electrical stimulation. The fused couplets were activated by 4 min incubation in 5 µM ionomycin, followed by 4 hr of culture in 1.9 mM 6-dimethylaminopurine with or without TSA (0, 50 or 100 nM). The SCNT embryos were subsequently cultured in mSOF for 8 days.
Experimental design: Experiment 1 was performed to investigate the effect of different concentrations of TSA on in vitro culture of SCNT embryos. The fused couplets were activated by 4 min incubation in 10 µM ionomycin, followed by 4 hr of culture in DMAP with or without TSA (0, 50 or 100 nM). The SCNT embryos were subsequently cultured in mSOF for 8 days. In order to evaluate embryo quality, blastocysts were stained with Hoechst 33342 and observed under an epifluorescence microscope. Photographs were taken, and stained nuclei were counted to determine the total cell number. Experiment 2 was performed to investigate the effect of TSA exposure duration on in vitro development of SCNT embryos. After chemical activation of cloned embryos using 10 µM ionomycin for 4 min, they were divided into three groups for testing: 1) a control group was cultured for 4 hr in 6-DMAP without TSA; 2) TSA short-term (TS) group was cultured for 4 hr in 6-DMAP containing 100 nM TSA; and 3) TSA long-term (TL) group was cultured continually for 16 hr in mSOF containing 100 nM TSA after culture for 4 hr in 6-DMAP containing 100 nM TSA. After TSA treatment, cloned embryos of the TS and TL groups were then cultured in mSOF without TSA for 8 days. Developmental competence of cloned embryos was assessed by blastocyst formation; fifteen blastocysts were randomly pooled in each group for RNA extraction. In experiment 3, based on the results of experiment 2, the relative expression of four genes (Nanog, Oct4, DMNT1, and HDAC1) related to pluripotency and reprogramming was analyzed to assess the quality of preimplantation embryos cultured in the medium with TSA using real-time PCR (Applied Biosystems). Relative expression levels of each gene were represented as the ratio of each gene to that of the b-actin gene.
Statistical analysis: All experiments were replicated at least three times, and embryos were randomly allocated into each treatment group. Values of each parameter were subjected to ANOVA in a generalized linear model (PROC-GLM) of SAS (Anon, 1990). When model effect was significant in each parameter, each value after the treatment was compared by the least-squares method. A P value of less than 0.05 was considered to indicate significant difference among the treatment groups.
RESULTS
The effect of different concentrations of TSA on in vitro development of SCNT embryos: The effect of different concentrations of TSA on in vitro development of SCNT embryos was examined. As shown in Table 2 , developmental competence to blastocysts was higher in 100 nM TSA than in the control group (35.96 ± 0.6% vs. 28.30 ± 1.3%, P<0.05). No significant differences in the 2-cell and morula stages were observed among treatment groups. In terms of development to the hatching stage of blastocysts, the TSA 100 group (20.16 ± 1.1%) at 8 days showed significantly higher development compared with the control and TSA 50 groups (12.28 ± 1.0% and 12.39 ± 0.5%, respectively; P<0.05). Total cell numbers of blastocysts derived from TSA 100 were significantly higher (Table 3 , P<0.05) than in TSA 50 (116 ± 5.3 vs. 100 ± 5.6, respectively), whereas there was no significant difference between the control and TSA 100. Figure 1 shows representative stained blastocysts in each group.
The effect of TSA exposure time on in vitro development of SCNT embryos: No difference in cleavage in shown in Table  2 , but there were more 4-cells stage embryos with both TSA a,b) Within the same column, values with different superscripts are significantly different (P<0.05). The experiments were replicated at least three times. Control=culture for 4 hr in 6-DMAP without TSA TSA 50 =culture for 4 hr in 6-DMAP containing 50 nM TSA TSA 100 =culture for 4 hr in 6-DMAP containing 100 nM TSA BL=blastocyst concentrations than in the control, and the blastocyst formation rate was highest with the 100 nM TSA treatment (Table  2) . Next, the effect of 100 nM TSA exposure time on in vitro development of SCNT embryos was examined. As shown in Table 4 , development in TS and TL to morulae (38.53 ± 1.1 and 38.38 ± 1.5%, respectively) and blastocysts (36.17 ± 2.3 and 34.04 ± 1.5%, respectively) was significantly higher than in controls (30.21 ± 1.9% morula and 23.45 ± 1.2% blastocyst; P<0.05), but there was no significant difference between TSA groups.
The relative expression of four genes (Nanog, Oct4,
DNMT1, and HDAC1) related to pluripotency and reprogramming in blastocysts:
The relative expression of genes related to pluripotency and reprogramming was analyzed in blastocysts derived from IVF, T0 (control), TS and TL groups. As shown in Fig. 2 , Nanog expression in TL blastocysts was similar to that in IVF blastocysts and higher than that in control and TS blastocysts. Oct4 expression in IVF blastocysts was similar to that in the TS group, while Oct4 expression in TL blastocysts was significantly higher than in other groups (P<0.05). In Fig. 2 , measurement of DNMT1 and HDAC1 in blastocysts shows a similar expression pro- a,b) Within the same column, values with different superscripts are significantly different (P<0.05). The experiments were replicated at least three times, and five embryos were examined in each experimental group. Control=culture for 4 hr in 6-DMAP without TSA TSA 50 =culture for 4 hr in 6-DMAP containing 50 nM TSA TSA 100 =culture for 4 hr in 6-DMAP containing 100 nM TSA Table 4 file among the IVF, TS and TL groups, whereas expression of DNMT1 and HDAC1 in controls was significantly higher than in the other three groups (P<0.05).
DISCUSSION
This study was carried out to investigate the in vitro development and changes in gene expression of bovine cloned embryos during histone deacetylase inhibitor (HDACi) treatment after the activation procedure for SCNT. HDACis such as trichostatin A (TSA), valproic acid and scriptaid have been used for improving SCNT efficiency in various species, including pigs [3, 10, 27] , mice [9, 25] , rabbits [33, 43] and cattle [11, 15] . TSA increases the frequency of development to the blastocyst stage and improves blastocyst quality through induced hyperacetylation in cloned mouse [20, 31] , bovine [15] , porcine [7] and rabbit [33] embryos.
In the present study, we treated cloned bovine embryos with 0, 50 and 100 nM TSA, consistent with previous reports [20] . Treatment with 100 nM TSA significantly increased embryo development to the blastocyst stage (Table 2 ), but prolonging treatment with 100 nM TSA for 16 hr did not improve the percentage of cleavage and development into blastocysts from the 2-cell stage compared with treatment for only 4hr (Table 4) . However, cloned embryos treated with 100 nM TSA, regardless of duration, showed significantly higher development compared with the control. In line with our results, a great number of SCNT studies in other species reported improved cloning efficiency when the embryos were cultured with TSA [18, 31, 37] . In particular, Kishigami et al. [20] first reported improved cloning efficiency when the SCNT embryos were treated with TSA. The present study suggests that treatment of NT embryos with the optimal concentration of TSA can improve their development through modification of their histone acetylatinn status.
With this in mind, we next investigated the expression of epigenetic-and pluripotency-related genes in normal, cloned and TSA-treated cloned bovine blastocysts. DNMT1 plays a key role in DNA methylation that is important in sustaining genomic stability and activating or suppressing gene expression through modification and regulation of the chromatin structure [21] . Also, DNMT1 is responsible for the regulation of transcription during embryonic development [41] . In the present study, abnormally high levels of DNMT1 transcripts in SCNT embryos (control) were appreciably suppressed by TSA down to levels similar to IVF blastocysts. In agreement with our results, TSA-treated cloned cat embryos showed significantly decreased methylation levels, but when treated with 100 nM TSA they exhibited a normal pattern of acetylation and global loss of methylation similar to IVF counterparts [13] . Treatment of both donor cells and early cloned embryos with a combination of 5-aza-20-deoxycytidine and TSA changed not only modifies histone acetylation but also potentially induces DNA demethylation [39] . Otherwise, Iager et al. reported that there was no difference in DMNT1 and DMNT3a expression between blastocyst stage NT and IVF embryos [15] . The discrepancy may be due to differences in the protocol of TSA treatment, and the concentration and timing of treatment and exposure duration have been reported to have conflicting results on epigenetic modification of cloned blastocysts. We found that bovine NT blastocysts treated with TSA showed a significantly decreased expression level of HDAC1. It is believed that the decreased methylation and increased acetylation levels alter chromatin structure, facilitate nucleus reprogramming, and subsequently enhance the developmental competence of cloned embryos. Thus, TSA at the optimal concentration, regardless of treatment duration, may serve to reactivate DNA methylation-silenced genes, and subsequently improve the development of cloned embryos.
In our next experiment, we observed that TSA increased the expression levels of pluripotent genes in cloned embryos compared with control embryos. Oct4 and Nanog are regulators of pluripotency expressed during cleavage stages and are essential for differentiation of the blastocyst. In cloned mouse blastocysts, TSA treatment decreased the expression of DNA methylation-related genes and increased the expression of pluripotency-related genes [37] . Similarly, TSA treatment of pig embryos increased the expression of pluripotency-and imprinting-related genes at the blastocyst stage [7] . Other studies showed that the expression levels of Oct4 and Nanog were downregulated in cloned bovine blastocysts compared with their IVF counterparts, which is similar to the results in the present study [2, 4] . We observed that the expression of Oct4 and Nanog genes was substantially upregulated in blastocysts, preferentially in cloned embryos that were treated with 100 nM TSA for a long term. In short-term treatment with 100 nM TSA, Oct4 gene expression was changed at a level similar to IVF counterparts, but Nanog expression was not upregulated in blastocysts treated for a short term. Oct4 can be altered in somatic cells by HDACis like as TSA, and Nanog could not be reactivated by these chemicals in trophoblast stem cells [14] . Although the difference in Nanog expression between the long-term and short-term groups cannot be exactly explained, short-term treatment with TSA might not be the optimal exposure duration of TSA for effective modification of Nanog gene. In ridents, extended exposure to TSA after activation altered the expression of genes related to pluripotency (OCT4, NANOG) and early embryonic development (FGF4, CDX2) in cloned embryos [17] . In addition, it was reported that nuclear reorganization of centromeric/pericentromeric sequences is often abnormal in SCNT embryos and is improved by TSA treatment [2525] . Modification of pluripotent genes like Oct4 and Nanog in SCNT embryos treated with a histone deacetylase inhibitor may hold the key to successful somatic cloning in mammals.
In conclusion, our results suggest that treatment with the optimal concentration of TSA improves the development of reconstructed bovine embryos. We recommend 100 nM TSA for improving preimplantation development of bovine cloned embryos. This improvement may be due to enhanced epigenetic modification of somatic cells caused by TSA-induced hyperacetylation and demethylation and upregulation of pluripotency and embryonic growth after SCNT.
